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Abstract 

Some problems were investigated with the immersion 
liquid method, which is a basic technique to measure 
droplet diameters and their distributions in mist flow, 
and which is also adopted to confirm adequacy of the 
data obtained by a Phase-Doppler Particle Analyzer. The 
effect of droplet evaporation on droplet-measurement 
accuracy was experimentally investigated. Then, the 
effect of droplet coalescence on its accuracy was 
investigated under the experimental conditions which 
the effect of droplet evaporation can be diminished. On 
the basis of experiments conducted using water mist and 
silicone oil as the immersion liquid, the authors 
conclude that when the shutter opening period is shorter 
than the time it takes local droplet number per unit area 
to become the maximum value, it becomes possible to 
obtain the correct droplet size, since the droplet 
coalescence on the oil surface can be diminished. 
Moreover, it was found that no influence of the 
immersion liquid viscosity on the Sauter mean diameter 
can be seen at a short shutter opening period in which 
the effect of droplet coalescence can be neglected. 
Keywords: immersion liquid method, droplet 
coalescence and evaporation, sauter mean diameter, 
shutter opening period, silicone-oil viscosity 
 

1 Introduction 
The liquid atomization is very important process 

and can be found in many industrial fields such as spray 
painting and cooling, producing powder metal in 
material processing, pharmaceutical products, powder 
productions and capsule technology in the food industry, 
and so on. Therefore it is important to understand of the 
property of liquid spray droplets produced by the liquid 
atomization is essential. The droplet characteristics 
include the mean droplet size and distributions of the 
spray droplets, the temporal development process and 
spatial flow rate distributions. An improvement of the 
droplet size measurement is highly expected in not only 
mechanical fields but also in a wide variety of fields 
because it is vital for improving its efficiency and 
performance to analyze various types of industrial 
equipment based on the liquid atomization.  

Immersion liquid method, impression method, 
direct photography method and solidifying method have 
been reported as the droplet size measurement. Droplet 
size measurements using laser beam are also reported in 
these years. Although the non-contact optical method 
provides much information on droplet size measurement 

in a short time, it requires occasional confirmations and 
collections to ascertain the measurement accuracy. The 
immersion liquid method is the classic calibration for 
the optical method [1]. 

In the immersion liquid method, liquid droplets are 
captured onto an immersion liquid surface within a glass 
plate or a shallow vessel, and a microscope is used to 
obtain magnified photographs of the droplets in the 
immersion liquid for measurement of droplet size. This 
method is often used for the case where fuel or the like 
is sprayed out into an open space, since the method is 
cost-efficient and easy to use, and is one of the most 
fundamental, mechanical techniques to measure droplet 
sizes and their distributions. For instance, the method is 
used to measure droplets generated by swirl atomizers 
or rotating jets, ultrasonic vibrations, imitated 
disturbance waves, dispersed droplets in gas-liquid two 
phase flow [2]. 

Hiroyasu [3] and Kurabayashi [4], however, have 
raise arguments with measurement accuracy caused by 
droplet coalescence, evaporation and disintegration on 
the immersion liquid surface. Therefore it has been 
studied that the conditions of the immersion liquid, the 
effects of droplet coalescence, evaporation and 
disintegration on its surface and a fine droplet escape 
during inserting a collector. In most of the previous 
studies regarding measurement accuracy, however, 
cylindrical collectors with a rotating shutter utilized by 
Tanazawa [5] are used. No sliding shutter in which the 
shutter moves linearly is used to investigate the 
measurement accuracy. 

In this study, droplet size measurement using the 
immersion liquid method with the linear collector is 
performed and silicone oil is used as the immersion 
liquid. The effects of droplet evaporation on the droplet- 
size measurement accuracy are presented. Then, the 
effects of droplet coalescence are demonstrated. The 
purpose of this study is to obtain the most suitable value 
of shutter opening period and silicone-oil viscosity.  

 
2 Experimental Apparatus and Procedure 

Figure 1 shows a schematic diagram of the 
experimental apparatus. Spray droplets generated by an 
ultrasonic humidifier (National, FE-05KYC) <1> were 
jetted into still air through a 4 mm diameter nozzle <2>. 
Downward liquid droplets generated from the nozzle are 
then captured by the sampling collector <3> which 
consists of 39 mm outer diameter. An aperture with a 
diameter of 4 mm <4> was drilled in an outer casing 

5.2 Examination using punch drawings 
   The imaging of an idea, namely, the representation 
of an idea using pictures and characters, is the most 
suitable method for maximizing the possibilities of 
designing at operating branches and for simply 
explaining information.  
   In designing, the designer focuses on a blank sheet 
of paper, lets the mind wander, and draws a component.  
Creating an idea for a design probably means 
incorporating new ideas into the shape while 
considering the shape of new products by imaging the 
shape of products that are already known, that is, the 
products the designer had previously seen and touched.  
We think that 3D CAD is unnecessary up to this stage of 
designing. 
5.3 CAE as a tool for designers 
   Designers wish not only to simply request an 
analysis and wait for the result from a specialist but also 
perform analyses themselves and obtain the required 
result within a day so they may progress to the next step 
in the design. To realize this goal, we must perform 
several tasks, including (1) the development of a 
CAD-CAE integrated system, (2) the establishment of 
modeling and evaluation methods, and (3) the 
development of a support system for design. 
5.4 Problems caused by decrease in the number of 

prototypes produced 
   The decrease in the number of production of 
prototypes has led to a reduction in the opportunities to 
learn from manufacturing substantial products.  
   In a design method, design skills for achieving 
mechanical requirements such as light weight and high 
stiffness, production technology that enables the timely 
provision of products in accordance with users’ needs, 
and manufacturing technology that realizes the value of 
products at an appropriate cost, comprise the framework 
of manufacturing.  However, full attention should be 
paid when these skills and technologies are applied. 
5.5 Results of CAE depend on experience and sense 
   There is an obvious difference in the quality of 
design between designers, depending on their skill, even 
when the same tools are used.  This can be regarded as 
a problem in training.  In other words, designers are 
required, not only to learn how to use CAE, but also to 
have the ability to decide, in order to accurately 
examine the behavior of objects.  Decisions are 
supported by experience and sense, which can be gained 
from experiments and theoretical considerations. 
   When we receive an order from a customer, the 
requested specifications are presented by the customer.  
We then aim to manufacture and realize products with 
functions that meet these specifications within a budget.  
This is the goal of design.  
   As design efficiency and cost performance are 
sought, the adoption of familiar designs that use existing 
techniques rather than techniques that require tests of 

new elements is frequently observed.  As a result, in 
recent years, fewer trial and error methods have been 
carried out in the process of design, and priority has 
been given to design efficiency. 
 

6 Conclusions 
   We cannot easily imagine the nature of design 
without any 2D drawings. What is most important in 
design is how accurately product information can be 
conveyed to manufacturers.   
   3D CAD is merely a tool in the design process, and 
produces no products in practice. It is expected that 
most of the design processes will be carried out 
automatically using computers through an innovative 
change in design business. However, a question arises 
whether it is acceptable to leave all the 
manufacturing-related work to computers. 
   After all, we believe that people are still the most 
reliable, with the flair, experience and skills that they 
have cultivated for a long time.  Innovation in design 
work is clearly necessary, but we should have good 
judgment in determining its direction.  
   The authors hope to teach students the fun of 
Mechanical Design and Drawing, learning from their 
experiences. 
   Therefore they, 

・Learn from the enterprise, like from a university. 
・Immerse themselves in a class. 
・Acquire a good sense. 
・ Put emphasis on learning the sense, before 

considering advancements in technology and skill. 
・Think deeply.  
・Self-evaluate, improve and advance onward. 
・Appreciate that Mechanical Design and Drawing 

contain the origin of human joy. 
   Mechanical Design and Drafting, CAD/CAM/CAE 
education, finally come at this stage. 
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Fig. 2 Variations in droplet number density  
Ni /N0 with elapsed-time tc 

 
droplets take long time to evaporate because the 
droplets are large. 

The droplet number density Ni/N0 rapidly decreases 
as tc increases. In addition, the value of Ni /N0 increases 
with Ts and νT under the same νT and Ts, respectively. 

Figure 3 shows selected samples of the variations 
in the Sauter mean diameter D32 with elapsed-time tc, 
corresponding to the results in Fig. 2.  

The Sauter mean diameter D32 at tc =0 becomes 
large when Ts is set to be large value, and becomes 
small when tc becomes large due to the evaporation on 
the silicone-oil surface for each νT. The value of D32 at tc 
= 200 ms and νT = 5×104 mm2/s gradually decreases 
compared to the other cases because of large droplets 
captured. This indicates that the smaller droplets are 
sensitive to evaporation than the larger ones and the 
evaporation is affected by the droplet size.  

The both values of Ni /N0 and D32 decrease as tc 
increases, which implies the droplet evaporation on the 
silicone-oil surface. Therefore the effect of the droplet 
evaporation on the oil surface is one of vital factors. 
Then, tc is selected not to exceed 3s in this study. 

3.2 Effects of droplet coalescence on the droplet-size 
measurement accuracy 

In general, the coalescence of liquid droplet 
decreases as the shutter opening period Ts decreases. 
However, in this method, one must capture as many  
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liquid droplets as possible to maintain measurement 
accuracy and not lose measurement efficiency. So, it is 
important to grasp the most suitable value of local 
droplet number per unit area (the number of captured 
droplets per unit area which is calculated from the all 
sampling images) and the droplet area fraction (the ratio 
of area occupied by captured droplets to sampling image 
area). In this section, the effects of droplet coalescence 
on the silicone-oil surface were investigated by varying 
the shutter opening period Ts and the silicone-oil 
viscosity νT. 

Figure 4 depicts the effects of the droplet area 
fraction AF on the Sauter mean diameter D32 for various 
silicone-oil viscosity νT. While D32 is quasi constant 10 
m up to about AF = 10 %, it increases rapidly at AF > 
10 %. Increasing AF indicates the increasing number of 
captured droplets resulting from the long shutter 
opening period. In the case of AF > 10 %, droplets are 
captured too many on the oil surface, so that the droplet 
coalescence occurs among droplets and increasing rate 
of AF becomes suppressed, resulting in large D32 value. 
Tate reported that the droplet coalescence can be 
diminished if AF is smaller than 5 % [6].  In this 
experimental study, D32 grows rapidly at AF > 10 %. 
This difference between Tate’s experiment and the 
results of this experiment can be caused by the 
difference of the keeping method of droplets. In Tate’s 
experiment, droplets were inside the immersion liquid. 
On the other hand, the droplets exist on the oil surface 

<5> of cylindrical droplet sampling collector which is 
mounted a shutter <6> and a sampling rod <7> inside. 
The shutter <6> is connected to a weight <8> with a 
wire. As the stopper <9> is removed from the outer 
casing <5>, the shutter <6> moves to the right under the 
force of a spring <10>. When the aperture in the outer 
casing <4> matches up with the shutter aperture <11>, 
spray droplets passing through the circular aperture are 
captured in the sampling tank <12> (4 mm × 8 mm area 
and 1.5 mm depth) coated with silicone oil. The shutter 
opening period Ts is adjusted by the weight <8> and the 
spring <10> to demonstrate the effects of droplet 
coalescence and changed from 8 to 453 ms. The 
kinematic viscosity of the immersion liquid varied from 
103 to 5×104 mm2/s. Water and the silicone-oil 
temperatures are maintained at a definite temperature 
298±2 K. At the same time, room temperature and 
humidity are controlled to be 298±2 K and higher than 
65 %, respectively, by an air conditioner and the 
ultrasonic humidifier. The distance between the nozzle 
edge of the ultrasonic humidifier and the silicone-oil 
surface was set to be 80 mm. The nozzle was adjusted to 
coincide with the central axis of the hole in the collector. 
The droplet velocity at the collector was measured to be 
um = 9.0 m/s by a high-speed video camera (nac, 
HSV-400). 

The 410×410 m images of the spray droplets 
captured on the silicone-oil surface were captured, 
through the microscope <13> and CCD camera <14> 
mounted on the central axis of the nozzle, into the 
image processing system (ADS, PIP-4000) and 
calculated the mean diameter of the spray droplets: the 
Sauter mean diameter which is defined by 
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where Di and Ni are the reference diameter and the 
number of captured droplets, respectively. 

There are some uncertainties in calculating the 
mean value from the population besides the 
uncertainties of measurements. In this experiment, more 
than 2000 samplings under the same condition were 
captured in order to calculate the Sauter mean diameter 
by reference to the previous studies [5]. 

3 Experimental Results and Discussion 
3.1 Effects of droplet evaporation on the droplet-size  

measurement accuracy 
The liquid droplets may evaporate on the 

silicone-oil surface, since the collected droplets exit on 
the oil in our immersion liquid method. Therefore the 
effects of droplet evaporation on the droplet-size 
measurement accuracy were examined. In this section, 
an experiment was carried out in order to determine the 
suitable measurement conditions varying the shutter 
opening period Ts and the silicone-oil viscosity νT. 

Figure 2 represents selected samples of the 
variations in the droplet number density Ni /N0 (the ratio 
of the number of droplets in a certain time to the 
number of droplets when the first image was captured) 
with elapsed-time tc from the first droplets image was 

captured. 

 

Fig. 1 Schematic diagram of experimental apparatus  
 

Figure 2(a) shows the results in the case of the 
smallest of silicone-oil viscosity in this study. In the 
case of Ts = 76 ms, Ni /N0 decreases up to 25 % at tc = 
30 s and the droplets disappears at tc = 90 s. In other 
cases, the same trends can be seen in a qualitative 
manner. However at Ts ≥ 103 ms the droplets exist up to 
tc  90 s. Ni /N0 increases with νT in Figs. 2(b) and (c), 
although the same trends can be seen as that of Fig. 2(a). 
Figure 2(d) shows the results for the largest νT = 5×104 
mm2/s. The droplets exist on the oil surface up to tc = 
150 s at Ts = 200 ms. This is attributed to that the 

(b) Details of droplet sampling collector 

(a) Sampling system 

(c) Droplet size measurement system 

1 : Ultrasonic humidifier 
2 : Nozzle 
3 : Droplet sampling collector 
4 : Outer casing aperture 
5 : Outer casing 
6 : Shutter 
7 : Sampling rod 
8 : Weight 
9 : Stopper 

10 : Spring 

11 : Shutter aperture 
12 : Sampling tank 
13 : Microscope 
14 : CCD camera 
15 : Flexible image processor 
16 : Desktop computer 
17 : Printer 
18 : Graphic printer 
19 : Light source 
20 : Video control unit 
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each mean diameter of the droplets must be determined 
in advance. 

In this experiment, the suitable local droplet 
number per unit area δL should be under 3000 per unit 
mm2 considering the efficiency and droplet coalescence 
in the immersion liquid method to measure droplet size 

 

 
(a) νT = 1×103 mm2/s 

 
 (b) νT = 5×104 mm2/s 

Fig. 7 Droplet size distributions 
 

 
Fig. 8 Variations in the local droplet number per unit  
     area δL with TS 

 

 

Fig. 9 Influence of δL on D32 

 

Fig. 10 Variations in D32 with silicone-oil viscosity νT 

 
in the range of 10 m. Therefore the suitable shutter 
opening period Ts is 103 ms in this study. 

Because the increase of immersion liquid viscosity 
νT may affect on the droplet coalescence in the 
immersion liquid method, the variations in D32 with the 
silicone-oil viscosity νT for different Ts is shown in Fig. 
10. While little influence of νT on D32 can be seen at Ts < 
123 ms, D32 increases with νT at Ts > 123 ms, especially 
for longer Ts. The difference in D32 for different Ts 
becomes large as νT increases. In the experimental range, 
the minimum D32 value occurs for νT = 103 mm2/s. 
Although the influence of the silicone-oil viscosity νT on 
the droplet coalescence is not thought to be large at 
short shutter opening period, the increase of νT is one of 
the factors of droplet coalescence in the range of longer 
Ts. The suitable value of νT is 103 mm2/s in the 
experimental range which is supported by Kurabayashi 
[8] reporting that the proper viscosity of immersion 
liquid νT is about 103 mm2/s in the immersion liquid 
method. 

4 Conclusions 
The effects of droplet coalescence and evaporation 

on the accuracy of droplet size measurement in the 
immersion liquid method using silicone oil as 
immersion liquid and spray droplets generated by 
ultrasonic vibrations in the water were clarified by the 
experimental study. The main results of this experiment 
may be summarized as follows: 

1. Shorter time between the sampling droplets and 
the inputting image is desirable since the 
evaporation of captured droplets on silicone-oil 
surface quickly occurs. 

2. The suitable local droplet number per unit area δL 
should be under 3000 per unit mm2 considering 
the efficiency and droplet coalescence in the 
immersion liquid method to measure droplets 
size in the range of 10m. Therefore the suitable 
shutter opening period Ts is 103ms. 

3.  Although the influence of the silicone-oil 
viscosity νT on the droplet coalescence is not 
thought to be large at short shutter opening 
period, the increase of νT is one of the factors of 
droplet coalescence in the range of longer Ts. In 
addition, νT should be 103 mm2/s for the 
minimum influence in droplet coalescence. 

in this experiment. The droplet coalescence occurs 
easily in Tate’s experiment, since it is considered that 
the possibility of droplets float and move during 
submerging into the immersion liquid.  

Figure 5 shows the influence of shutter opening 
period Ts on the droplet area fraction AF. The similar 
trends can be seen in the results for different silicone-oil 
viscosity. In the case of Ts ≤ 103 ms, AF increases 
almost linearly with Ts, since the captured droplet 
number on the oil surface increases. However, the 
increasing rate of AF diminishes as Ts increases at Ts > 
103 ms, which implies that droplet coalescence occurs 
among droplets on the oil surface.  

Figure 6 explains the influence of Ts on D32 for 
various silicone-oil viscosity νT. While D32 value is 
almost constant to be 10 m independently of silicone- 
oil viscosity νT for Ts ≤ 103 ms, D32 increases quickly as 
Ts increases for Ts > 103 ms. This indicates that droplet 
coalescence on silicone-oil surface with the increasing 
number of captured droplets and Ts, which is supported 
by the results in Figs. 4 and 5. The precipitous increase 
of D32 as νT increases can be seen due to an increase in 
Ts. It is thought that its phenomenon occurs as νT 
increases, since droplets are kept for long time on the 
silicone-oil surface.  

Droplet size distributions for Ts = 76 ms 
representing the case of a subtle influence of droplet 
coalescence, 103 ms representing the case of boundary 
and 453 ms representing the case of great influence of 
droplet coalescence are shown in Fig. 7. The numbers in 
the Fig. 7 indicates the number of droplets for each size 
range of captured droplets. Figure 7(a) shows the case 

 
 

 
Fig. 4 Influence of droplet area fraction AF on D32  

 

 

 
Fig. 5 Influence of shutter opening period TS on AF 

 
Fig. 6 Influence of TS on D32 

 
of the smallest silicone-oil viscosity νT = 103 mm2/s. The 
only droplets smaller than 20 m are captured at Ts = 76 
ms. The most of the captured droplets consist of fine 
droplets with diameters smaller than 5 m and the 
number of captured droplets decreases as the droplet 
size increases. The similar trends can be seen in the 
results for all the cases of Ts. However the maximum of 
the captured droplet size increases with Ts, for instance 
the maximum size is 30 m at Ts = 103 ms and 50 m 
at Ts = 453 ms. This indicates that the increase of Ts 
contributes to droplet coalescence. Although the similar 
trends can be seen in Fig. 7(b) for the large νT = 5×104 
mm2/s, the number of large droplets increases compared 
to the results in Fig. 7(a), especially at large Ts. This 
result confirms the increasing number of captured 
droplets on the oil surface with Ts and the existence of 
droplet coalescence because droplets are kept for long 
time on its surface in the case of larger νT as mentioned 
in Fig. 6. 

The droplet coalescence on the silicone-oil surface 
can be diminished if the shutter opening period Ts is 
short. However, it is important to determine the suitable 
value of the local droplet number per unit area δL in 
order to maintain the measurement accuracy and not 
lose measurement efficiency. 

Figure 8 shows the variations in the local droplet 
number per unit area δL with the shutter opening period 
Ts. The value of δL increases linearly as increasing Ts 
and reaches the maximum value of δL  3000 at Ts = 103 
ms. On the contrary, in the case of Ts > 103 ms, the 
value of δL decreases as Ts increases. This suggests that 
the suitable shutter opening period Ts should be 103 ms 
for high measurement efficiency.  

The variations in the Sauter mean diameter D32 
with δL together with the results from other researchers 
are shown in Fig. 9. The value of D32 is almost constant 
up to δL 3000, while the value of D32 increases rapidly 
and δL decreases due to droplet coalescence at δL > 3000. 
Therefore the droplet coalescence on the silicone-oil 
surface can be diminished, if the shutter opening period 
Ts is shorter than the time it takes for local droplet 
number per unit area δL to become the maximum value 
δL. The similar trends can be seen in the results of 
twin-fluid atomizer (δL > 30) by Okada et al. [7] and the 
results of rotating nozzle atomizer (δL > 2) by 
Kurabayashi [8]. As shown in Fig. 9, however, the 
maximum value of δL takes various values under the 
influence of the mean diameter of droplets generated 
from different atomizers. So, to maintain measurement 
accuracy and efficiency, the maximum value of δL for 
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each mean diameter of the droplets must be determined 
in advance. 

In this experiment, the suitable local droplet 
number per unit area δL should be under 3000 per unit 
mm2 considering the efficiency and droplet coalescence 
in the immersion liquid method to measure droplet size 
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Fig. 7 Droplet size distributions 
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Fig. 9 Influence of δL on D32 

 

Fig. 10 Variations in D32 with silicone-oil viscosity νT 

 
in the range of 10 m. Therefore the suitable shutter 
opening period Ts is 103 ms in this study. 

Because the increase of immersion liquid viscosity 
νT may affect on the droplet coalescence in the 
immersion liquid method, the variations in D32 with the 
silicone-oil viscosity νT for different Ts is shown in Fig. 
10. While little influence of νT on D32 can be seen at Ts < 
123 ms, D32 increases with νT at Ts > 123 ms, especially 
for longer Ts. The difference in D32 for different Ts 
becomes large as νT increases. In the experimental range, 
the minimum D32 value occurs for νT = 103 mm2/s. 
Although the influence of the silicone-oil viscosity νT on 
the droplet coalescence is not thought to be large at 
short shutter opening period, the increase of νT is one of 
the factors of droplet coalescence in the range of longer 
Ts. The suitable value of νT is 103 mm2/s in the 
experimental range which is supported by Kurabayashi 
[8] reporting that the proper viscosity of immersion 
liquid νT is about 103 mm2/s in the immersion liquid 
method. 

4 Conclusions 
The effects of droplet coalescence and evaporation 

on the accuracy of droplet size measurement in the 
immersion liquid method using silicone oil as 
immersion liquid and spray droplets generated by 
ultrasonic vibrations in the water were clarified by the 
experimental study. The main results of this experiment 
may be summarized as follows: 

1. Shorter time between the sampling droplets and 
the inputting image is desirable since the 
evaporation of captured droplets on silicone-oil 
surface quickly occurs. 

2. The suitable local droplet number per unit area δL 
should be under 3000 per unit mm2 considering 
the efficiency and droplet coalescence in the 
immersion liquid method to measure droplets 
size in the range of 10m. Therefore the suitable 
shutter opening period Ts is 103ms. 

3.  Although the influence of the silicone-oil 
viscosity νT on the droplet coalescence is not 
thought to be large at short shutter opening 
period, the increase of νT is one of the factors of 
droplet coalescence in the range of longer Ts. In 
addition, νT should be 103 mm2/s for the 
minimum influence in droplet coalescence. 

in this experiment. The droplet coalescence occurs 
easily in Tate’s experiment, since it is considered that 
the possibility of droplets float and move during 
submerging into the immersion liquid.  

Figure 5 shows the influence of shutter opening 
period Ts on the droplet area fraction AF. The similar 
trends can be seen in the results for different silicone-oil 
viscosity. In the case of Ts ≤ 103 ms, AF increases 
almost linearly with Ts, since the captured droplet 
number on the oil surface increases. However, the 
increasing rate of AF diminishes as Ts increases at Ts > 
103 ms, which implies that droplet coalescence occurs 
among droplets on the oil surface.  

Figure 6 explains the influence of Ts on D32 for 
various silicone-oil viscosity νT. While D32 value is 
almost constant to be 10 m independently of silicone- 
oil viscosity νT for Ts ≤ 103 ms, D32 increases quickly as 
Ts increases for Ts > 103 ms. This indicates that droplet 
coalescence on silicone-oil surface with the increasing 
number of captured droplets and Ts, which is supported 
by the results in Figs. 4 and 5. The precipitous increase 
of D32 as νT increases can be seen due to an increase in 
Ts. It is thought that its phenomenon occurs as νT 
increases, since droplets are kept for long time on the 
silicone-oil surface.  

Droplet size distributions for Ts = 76 ms 
representing the case of a subtle influence of droplet 
coalescence, 103 ms representing the case of boundary 
and 453 ms representing the case of great influence of 
droplet coalescence are shown in Fig. 7. The numbers in 
the Fig. 7 indicates the number of droplets for each size 
range of captured droplets. Figure 7(a) shows the case 

 
 

 
Fig. 4 Influence of droplet area fraction AF on D32  

 

 

 
Fig. 5 Influence of shutter opening period TS on AF 
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of the smallest silicone-oil viscosity νT = 103 mm2/s. The 
only droplets smaller than 20 m are captured at Ts = 76 
ms. The most of the captured droplets consist of fine 
droplets with diameters smaller than 5 m and the 
number of captured droplets decreases as the droplet 
size increases. The similar trends can be seen in the 
results for all the cases of Ts. However the maximum of 
the captured droplet size increases with Ts, for instance 
the maximum size is 30 m at Ts = 103 ms and 50 m 
at Ts = 453 ms. This indicates that the increase of Ts 
contributes to droplet coalescence. Although the similar 
trends can be seen in Fig. 7(b) for the large νT = 5×104 
mm2/s, the number of large droplets increases compared 
to the results in Fig. 7(a), especially at large Ts. This 
result confirms the increasing number of captured 
droplets on the oil surface with Ts and the existence of 
droplet coalescence because droplets are kept for long 
time on its surface in the case of larger νT as mentioned 
in Fig. 6. 

The droplet coalescence on the silicone-oil surface 
can be diminished if the shutter opening period Ts is 
short. However, it is important to determine the suitable 
value of the local droplet number per unit area δL in 
order to maintain the measurement accuracy and not 
lose measurement efficiency. 

Figure 8 shows the variations in the local droplet 
number per unit area δL with the shutter opening period 
Ts. The value of δL increases linearly as increasing Ts 
and reaches the maximum value of δL  3000 at Ts = 103 
ms. On the contrary, in the case of Ts > 103 ms, the 
value of δL decreases as Ts increases. This suggests that 
the suitable shutter opening period Ts should be 103 ms 
for high measurement efficiency.  

The variations in the Sauter mean diameter D32 
with δL together with the results from other researchers 
are shown in Fig. 9. The value of D32 is almost constant 
up to δL 3000, while the value of D32 increases rapidly 
and δL decreases due to droplet coalescence at δL > 3000. 
Therefore the droplet coalescence on the silicone-oil 
surface can be diminished, if the shutter opening period 
Ts is shorter than the time it takes for local droplet 
number per unit area δL to become the maximum value 
δL. The similar trends can be seen in the results of 
twin-fluid atomizer (δL > 30) by Okada et al. [7] and the 
results of rotating nozzle atomizer (δL > 2) by 
Kurabayashi [8]. As shown in Fig. 9, however, the 
maximum value of δL takes various values under the 
influence of the mean diameter of droplets generated 
from different atomizers. So, to maintain measurement 
accuracy and efficiency, the maximum value of δL for 
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Abstract 

Free piston Stirling engines with integrated linear 
alternators have the compact size and high conversion 
efficiency for the sake of the simplicity of mechanical 
movements. These engines have been developed with 
the conversion efficiency of 25%. The material property 
of ceramics heater is critical in order to achieve such 
high efficiency. In this paper, the successful design 
process of the ceramics heater is described. Temperature 
and stress of the ceramic heater have been calculated by 
the method of thermo-fluid dynamical analysis and the 
proper dimensions were decided. Several types of test 
products have also been designed and manufactured for 
the evaluation of actual efficiency. Heater efficiency of 
63% was estimated from the analysis and the actual test 
data on free piston engine. It was concluded that the use 
of ceramics heater in Stirling engine is promising and 
the high performance of the engine can be realized.   
Keywords: Stirling engine, free piston Stirling engine, 
ceramics heater, silicon carbide 
 

1 Introduction 
The Stirling engine was invented in 1816 by 

Robert Stirling, a clergyman from Scotland. This was 
the boom period for steam engine boilers, but these 
often exploded and there was demand for a safe engine. 
The Stirling engine is an external combustion engine 
operated by gas, such as air, helium or nitrogen. Several 
thousand were manufactured in the mid-19th century 
and used as a source of power for water pumps and 
machine tools. At that time, the thermal efficiency of 
these engines was low with an internal charge air 
pressure of around 1MPa and a heating temperature of 
around 500°C. By the end of the 19th century they 
almost disappeared due to the development of steam 
engines and the emergence of internal combustion 
engines.  

In the 20th century, the Dutch company, Philips, 
turned their attentions to quiet external combustion 
engines and developed the compact, high-output and 
highly efficient Stirling engine by using various fuels 
and the working gases, helium and hydrogen. Many 
engines were developed from compact, single cylinder 
engines with an output of several kW and large 4 
cylinder engines with an output of 265kW and were 
installed in portable generators that use various fuels as 
well as in automobiles and boats. However, in run tests 
conducted mainly in America in which engines were 
installed in vans, running fuel efficiency only improved 
to a level somewhere between a gasoline-powered 
vehicle and a diesel-powered vehicle. As a result, the 
commercialization of these engines for vans was 
shelved. 

From 1980, these Stirling engines with high 
efficiency [1] as shown in Figure 1, were used as 
stationary engines in Japan and momentum increased to 
develop them as a solution for the problem of air 
pollution caused by exhaust gas from automotive 
engines. From 1982 to 1987, the “Research and 
Development into a General-purpose Stirling Engine” 
project was implemented by the then Ministry of 
International Trade and Industry as part of the 
Moonlight Project. This project was implemented by 
public research organizations led by the New Energy 
Development Organization (NEDO) and several private 
companies and concentrated on the development of a 
utilization system concerned with the practical 
development of engines with 3kW and 30kW outputs 
and of heat pumps. 

In the aforementioned project development, many 
expensive heat-resistant metal pipes made from inconel 
and hastealloy were used in the heater section, which is 
exposed to high temperatures, in order to provide high 
thermal efficiency and the complex construction was 
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